Introduction
Solid-state nuclear magnetic resonance (NMR) spectroscopy has been used to make significant strides in recent years in molecular structure determinations (refs to reviews); high-resolution NMR spectra can be obtained routinely for spin-½ nuclei such as 1 H, 13 C and 15 N in complex systems, such as biomolecules and organic complexes. Connectivity between such nuclei can readily be probed through either dipolar or scalar couplings in 1D or 2D correlation experiments, and, with the improvements in the first-principle quantum chemical calculations and computing resources -a new discipline in NMR spectroscopy 'NMR crystallography' is rapidly emerging. 1, 2, 3 The concept is to provide detailed structural information about a solid material using complementary NMR techniques and calculations.
To date, the applications of NMR crystallography have mainly concerned spin-½ nuclei, e.g. 1 H, 13 C, 15 N and 29 Si. [1] [2] [3] [4] This is because high spectral resolution of spin-½ systems can be obtained from routine In contrast the quadrupole interaction often significantly broadens the NMR signal of nuclei with spin > ½. 5 This greatly hinders the spectral resolution, even under fast MAS, for a molecular system with multiple crystallographic sites preventing spectral assignment. Oxygen, like carbon and nitrogen, is one of the core elements in bio/organic molecules and is involved in many structural and physiological functions. However the large quadrupole interaction in 17 O (spin-5/2) in bio/organic molecules, 6, 7 combined with the low natural abundance (0.037 %), make it challenging to acquire high spectral resolution spectra that allow site-specific information to be unambiguously extracted from a multiple-site system. Different high-resolution NMR approaches for suppressing the quadrupole broadening have been developed: multiple-quantum (MQ) MAS 8, 9 and later satellite-transition (ST) MAS 10, 11 both of which rely on manipulation of spin-coherences by radio-frequency (rf) pulses; and double-rotation (DOR) 12, 13 and dynamic-angle spinning (DAS) 12 rely on manipulation of the spatial tensors by sophisticated sample spinning. The method of choice is a matter of strategy and availability, since these methods are either technically sophisticated and/or exhibit reduced sensitivity. MQMAS and STMAS provide information on both the isotropic and anisotropic quadrupolar interaction, but the drawbacks are the intrinsic weak sensitivity and time consuming two-dimensional (2D) signal acquisition. DOR and DAS, in turn, require specialised probes. Like MQMAS and STMAS, DAS is an indirect approach to high-resolution solid-state NMR because it is a 2D experiment. Despite the low filling factor as a result of the inner rotor needing to spin within a large rotor diameter and the consequent slow spinning, DOR is a direct approach to high-resolution solid-state NMR for quadrupolar nuclei. It is intrinsically a 1D
solid-state NMR experiment. Furthermore it has the advantage that the chemical shift anisotropy can be readily obtained. 17 With the advances in quadrupole NMR methodologies, a significant increase in 17 O NMR studies of bio/organic materials have been reported recently, 6, 7 including a high-field 17 O solidstate NMR study of two large (64 and 80 kDa) protein-ligand complexes, 14 illustrating the potential of 17 O NMR spectroscopy toward large biological systems. In particular, recent demonstrations on 17 O DOR spectroscopy have reported ultra-high spectral resolution with linewidths of <1 ppm). [15] [16] [17] [18] [19] [20] [21] It is worth noting that high-resolution 17 O NMR MQMAS and DOR have also been reported for many important inorganic materials. 5, [22] [23] [24] In comparison to inorganic materials, there are three major complications for 17 O solid-state NMR on bio/organic molecules: (1) the abundance of hydrogen in bio/organic molecules gives rise to significant dipolar broadening unless high power 1 H-decoupling is applied; (2) the quadrupole interaction is generally larger (7- 33 was used. The interaction between the valence electrons, and the nuclei and core electrons was described using ultrasoft pseudopotentials. 34 The wave functions are expanded on a plane-wave basis set with a maximum kinetic energy of 1000 eV, and integrals over the electronic Brillouin zone used a minimum k-point spacing of 0.01 Å -1 . It is worth noting that increasing both the density of the k-point sampling and the maximum plane-wave energy gave practically identical NMR parameters. Calculations using the original X-ray crystal structure 25 gave unrealistically large forces for the X-ray determined hydrogen positions indicating that they were incorrect. For this reason, the 17 O NMR calculations were carried out on several structurally optimised MSG models: (1) a H-optimised structure for which only the hydrogen atoms were relaxed; (2) a O,H-optimised for which both oxygen and hydrogen atoms were relaxed; and (3) a fully optimised situation where all atoms are relaxed. In all cases, the structural optimisation originated from the X-ray crystal structure and the unit cell parameters were constrained to the original values found in the X-ray structure.
The shielding () and electric-field gradient (EFG) tensors were computed using the GIPAW 
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O MAS. As shown in Figure 1A , the X-ray crystallographic study 23 considering spectra recorded at multiple magnetic fields.
O 3QMAS. In contrast, the 17 O 3QMAS spectra ( Figure 2 ) show significant improvement in resolution by successfully removing the second-order quadrupole broadening, resulting in narrow isotropic 3Q peaks (Q1-Q7) along the 3Q projection, Figure 2A . Five distinct 3Q isotropic peaks are resolved in the 3QMAS spectrum recorded at 14.1 T, and seven at 18.8 T ( Table 1 ). Note that in Figure   2B the isotropic 3Q peaks are not the dominant signals in both 14.1 and 18.8 T 3Q projected spectra, and that the observed spinning-sideband manifolds extend over a large range (> 600 ppm), particularly at 18.8 T, indicating the presence of significant chemical shift anisotropy (CSA) at the oxygen sites. In principle, the projected MAS slices obtained from the summation of all sidebands (shown in Figure   2A ) give an estimation of  q (quadrupolar coupling constant) and  q (quadrupolar asymmetry parameter -see ref. 38 and below for the definition). However the rather poor MAS lineshapes observed are not good enough to determine these parameters to better than ~0.5 MHz and ~0.1, respectively.
A large number of t 1 steps, which extended to 9+ ms, were required to acquire the highresolution spectra along the 3Q projection. The observed 3Q linewidths were found to be about 150 Hz, narrower lines could possibly have been achieved by extending the t 1 period. However, this would be a very time consuming experiment, particularly for 17 O in biomolecules where a large  q is expected.
Even though the 17 O spin relaxation time for MSG is relatively short, which enables fast signalaveraging, four days of acquisition were needed to acquire the 17 O 3QMAS spectra shown in Figure 2 , thus a much longer time would be needed to further improve either the spectral-resolution or the signalto-noise.
O DOR. Figure 3 shows 1 H-decoupled 17 O DOR spectra at 14.1 and 18.8 T. Both spectra clearly exhibit a great improvement in resolution compared to MAS. The DOR isotropic shifts (δ DOR ) were identified by varying the outer-rotor spinning frequency, and seven isotropic peaks (P1-P7) were found ( Table 1 ). The intensity for P1 is approximately twice that of the other peaks suggesting that P1 corresponds to two oxygens, thus all eight oxygens in MSG are accounted for in the 17 O DOR spectrum. A linewidth of ~70 Hz at 14.1 T is achieved by 1 H-decoupling. Although both 3QMAS and DOR produce sufficient line-narrowing for high-resolution spectra, DOR gives much better signal sensitivity as it is a 1D experiment. A good DOR spectrum can be acquired in a few hours, a much shorter time than the four days acquisition of the 2D 3QMAS spectra. This significant gain in signal sensitivity is because the DOR spectrum is acquired in real time, where the second-order quadrupolar broadening effect is averaged by spinning the sample at two different axes simultaneously, allowing for 1D spectral acquisition. Hence comparing DOR to 3QMAS two advantages of the former need to be considered (i) the much shorter timescale required to acquire the data set with sufficient resolution and
(ii) the intrinsic the lower signal sensitivity of the 3Q experiment as a result of the typically weaker excitation of the triple-quantum transitions compared to the single quantum ones.
It should be noted that the 17 
The quadrupole interaction is described by a coupling constant  q = e 2 Qq zz / h, where Q is the nuclear quadrupole moment 39 and an asymmetry parameter  q = (q xx -q yy ) / q zz where 0   q  1. The relative orientation between the CS and EFG tensors is described by three Euler angles (, , ). Traditionally, the above parameters can be efficiently extracted from multiple field static and MAS spectra, combined with high-resolution MQMAS spectra for more complicated multiple site systems. [6] the 17 O NMR parameters,  iso and P q , for each observed  DOR peak can be determined from the slope (P q ) and the ordinate ( iso ) of the field dependency 3Q/DOR plot ( Figure 4A ). The MAS projected lineshapes from the 3QMAS spectra ( Figure 2A ) showed that  q is ~0.45 for all sites, however because of the clear spectral singularities/discontinuities features in the MAS spectrum at 14.1 T (Figure 1B ), the accuracy of  iso ,  q and  q can further be improved by simulating the spectrum using the accumulated information determined from the above 3Q/DOR plot and the observed  DOR shifts. The resultant fitted MAS spectrum ( Figure 4B ) gives an excellent agreement with the experiment, indicating the high accuracy of the data obtained. In addition, as shown in Figure 4B , each DOR isotropic peak (P1-P7) is flanked by a set of spinning-sidebands that carry information on a 7-dimensional parameter space: , ,  q ,  q and (, , ). These parameters describe the magnitude and relative orientation of the CS and EFG tensors. To aid fitting the DOR spectrum we performed extensive DFT NMR calculations based on the MSG structure. The DFT results suggest that the Euler angle  is approximately -90 for all eight oxygen sites; hence  was constrained at -90 for the DOR spectral fitting. With this additional information, the DOR spectral simulation is now reduced to a 4-dimensional parameter space (, ,  and ). By carefully fitting the sideband manifolds for each corresponding  DOR peak with these remaining 4 parameters, we were able to determine a complete set of 17 O NMR parameters for all eight oxygens in MSG. The accuracy of the NMR parameters was improved by a simultaneous fit of the DOR spectra at different spinning frequencies and applied fields.
The results are summarised in Table 2 and compared with the DFT results for a O,H-optimised structure. These results represent the first set of full NMR parameters extracted for a biomolecule with more than four oxygen sites.
Due to the complexity of determining the 17 O NMR parameters, uncertainties of the data are unavoidable. These can be attributed to various sources: (1) the errors in  iso and P q from fitting in the 3Q/DOR plot; (2) the constraints on  q and  which were determined from the 3QMAS spectra and the DFT calculation, respectively; (3) identical sideband manifolds can be produced from multiple combinations of parameters; and (4) for P1, the uncertainty will be greater than for the others since it arises from two unresolved oxygens, which might have different parameters; however the excellent agreement between the simulations and experiment for both MAS and DOR spectra ( Figure 4B) indicate that the errors are small. They are estimated to be: 1 ppm for  iso , 20 ppm for , 0.1 for , 0.2 MHz for  q , and 5 for  and .
It should be strongly emphasised that without the knowledge of  iso , P q from the field dependent 3Q/DOR study and  from the DFT calculation, it would be difficult to uniquely simulate the DOR spectra and extract the CS and EFG data for each oxygen site in MSG. leading to large discrepancies in the parameters calculated using DFT methods. This is especially true for oxygen sites involved in strong hydrogen-bonds. To minimise any uncertainties from the DFT results, the NMR calculations were performed on the X-ray structure and on different MSG models: Hoptimised, O,H-optimised and fully-optimised structures. Since the object is to assign the peaks, the absolute shielding reference σ ref was determined by minimising the standard deviation of the calculation from measured chemical shifts. The value is slightly different for these MSG models being 245 ppm for X-ray and H-optimised structures, and 237 ppm for O,H-and fully-optimised structures. A summary of the DFT 17 O NMR results for these MSG models are reported in Table 3 , and a complete list of the local OH bond distances of each oxygen site is summarized in Table 4 all DFT structural models. Based on these comparisons, it suggeste that the observed higher intensity for P1 in the DOR spectra corresponds to two oxygen atoms, O2 and O12, which have similar 17 O NMR parameters (see Table 2 ). One possible approach to spectrally resolve O2 and O12 would be MQ-DOR, 41 a combined technique of DOR and MQMAS, at high magnetic field. It should be pointed out that the DFT  and P q values used in both the 2D and 3D comparisons are scaled by 0.76 and 0.93, respectively, since the DFT results are systematicallyoverestimated by about 24% and 7%, respectively. Overestimation of 17 O DFT  and P q have been reported for other biomolecules, 42, 43 indicating that, as with DFT bond length calculations, there are systematic errors in the calculations of these parameters and a very similar scaling factor (0.77) was found for the 13 C span in sucrose. 44 One source of the discrepancy in  is that the DFT calculations are carried out at 0 K whereas the NMR measurements are at ~300 K. It was shown in Dumez and Pickard 45 that molecular motional effects have a significant influence on shielding anisotropies in organic solids. The differences between the experimental and the DFT results of  iso ,  and P q for different structural MSG model are summarised in the DFT values of the optimised models, a crystallographically refined structure for MSG is determined (see Figure 5A) . The DFT calculations demonstrate a remarkable sensitivity of 17 O NMR interaction parameters to the neighbouring hydrogens, as only very subtle differences in H-positions are found between the original X-ray data and the DFT refined models, e.g. for O1 the largest change in distance is 0.05 Å. Even for O14, where the distance of one nearby H changes from 2.061 to 1.796 Å, six other distances change by less than 0.03 Å. A full set of the changes in O…H distances are summarised in Table 4 .
Hydrogen-bonding effects. Further confirmation of the spectral assignment comes from analysing the effect of proton dipolar coupling on the DOR linewidths. Figure 6A shows the effects on the DOR linewidth acquired at 18. We have previously shown the effects of different 1 H-decoupling power on the residual DOR linewidth of the oxygens in alanine. 20 In another case, we also found that the strong O-H dipole at the hydroxyl oxygen site in glycine•HCl made it virtually invisible in the 1 H-decoupled DOR spectrum. 18 For the case of MSG, each oxygen interacts with different numbers of hydrogens and has different hydrogenbond networks (Table 4) ; hence, each oxygen experiences a different magnitude of the total OH dipole contribution, which can be expressed as,
r ij is the internuclear separation, and  is the gyromagnetic ratio of the nuclei. The resulting <D OH > are shown in parentheses in Table 4 . Figure and their linewidths (~120-140 Hz) are considerably narrower.
O, 13 C and 1 H NMR spectral comparison with DFT. Figure 7 shows that the simulated DOR spectrum using the DFT results from the O,H-optimised model gives a better agreement with the experimental DOR spectrum compared to that from the X-ray model. As discussed earlier, the P q values used for the DFT simulated spectrum are scaled by 0.93. The DFT spectrum suggests that the overall hydrogen positions in the O,H-optimised model of MSG are better than those in the previous determined X-ray structure. 25 45 However in most cases, the CS tensor orientations in carbonyl oxygen are found to be different from those in carboxylate oxygen. For example, the  11 (and not  22 as in carboxylate) of the carbonyl oxygen, in amino acids, 42 nucleic bases 47 and in peptides 43, 48 is approximately 20-30° away from the C=O axis. This difference may be attributed to the different bond characters between C-O and C=O. In contrast to the CS tensor, the EFG tensor orientations for carboxylate oxygens (with the exception of aldehydes and ketones) are similar to those for carbonyl oxygen.  q,xx is found to be perpendicular to both the carboxylate and carbonyl planes,  q,yy and  q,zz lie in the plane with  q,yy nearly parallel to the C-O and C=O bond axes, respectively. The relative orientation between the CS and EFG tensors, described by the Euler angles (, , ), has one common feature for both carboxylate and carbonyl oxygens. It is found that  is always very close to -90 or +90. This is greatly beneficial for the spectral analysis, because with  = ±90 the simulations corresponding to + and - (and to 180 -) are nearly identical, as are those with  (see supplementary material). Consequently the angular range to be varied for both  and  reduces to 0 to ±90 and the fitting for carboxylate and carbonyl oxygens is simplified.
Conclusion
We have determined the site-specific 17 O CS and EFG tensors for all eight oxygen sites in a biomolecule by an extensive complementary approach using multiple-field DOR and 3QMAS experiments together with DFT calculations. We found that unambiguous spectral assignment can be made for such a complex system by simply comparing the measured 17 O δ iso ,  and P q parameters with the DFT results (i.e. a 3-dimentional NMR parameters comparison). The spectral assignment was confirmed by the O-H dipolar coupling behaviour. The results here represent the first high spectral resolution 17 O solid-state NMR study on a complex biomolecule where full site assignment is made, and a complete set of 17 O NMR parameters is determined for each site. The results also represent a significant development towards ultra high-resolution for 17 O solid-state NMR spectroscopy, where resolution is now comparable to that for spin-½ nuclei. We have also demonstrated that the sensitivity in the DOR spectra is considerably better than those in 3QMAS spectra. In principle, the sensitivity in DOR could be further enhanced by implementing an inductively couple detector 49 inside the sample volume to dramatically increase the filling factor (from 0.3 to almost 1). Moreover, the availability of high rf strength 50 from the inductive detector could benefit the MQ-DOR experiment 41 
